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ABSTRACT 
 
Fast identification of live and dead (inactivated) bacteria in situ, whether it is a hospital or 
field, is a challenging problem. Typically, counting live and dead bacteria requires more than 24 
hours (for plating, CFU growth and counting etc.), during which time bacterial infections can 
grow many fold (bacteria can double in as short as 10 minutes times). In this research, a 
handheld instrument was designed and constructed which can be carried to the field and can be 
used for in-situ detection of live and dead bacteria ratio within a few minutes. This handheld 
instrument is based on the detection of fluorescence from tryptophan and tyrosine present in 
bacteria. As bacteria are inactivated by UV radiation, fluorescence from tryptophan and tyrosine 
decreases. By measuring this fluorescence using the developed handheld device, it was possible 
to determine live and dead bacteria in a sample. 
Alongside, Raman spectroscopy was explored to determine live and dead bacteria after 
ultraviolet light inactivation. It was found that there exist a quantitative relationship between 
changes in Raman spectra of bacteria and number of inactivated cells in a sample.  
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CHAPTER I 
INTRODUCTION TO THESIS 
 
It has been shown earlier [1] that UV (ultraviolet) fluorescence of bacteria (primarily 
coming from tryptophan and tyrosine in proteins) can be used to determine live and dead bacteria 
ratio. This technique was studied in more detail to understand the mechanism behind the 
bacterial inactivation and to make a new, novel handheld instrument.  
This hand-held instrument is capable of measuring bacterial UV fluorescence and 
classifying live and dead bacteria using PCA (Principal Component Analysis). This device was 
designed and constructed in order to be used in the field for fast (minutes), in-situ measurements. 
This instrument uses a UV LED to excite the bacteria fluorescence as well as inactivation of the 
bacteria.  
Along with this, Raman spectroscopy of E.coli bacteria before and after UV irradiation 
was performed in order to study the feasibility of Raman spectroscopy to determine live and 
dead bacteria. This was done because Raman spectra can give more information at a molecular 
level compared to fluorescence spectra. It was found using Raman spectroscopy that proteins, 
along with DNA bases are the major components undergoing changes after UV irradiation. UV 
induced photoproducts were detected in Raman spectra and a quantitative relationship between 
increase in photoproducts and fraction of dead (inactivated) bacteria was established. Raman 
spectroscopy was also used to identify different bacterial strains. Currently, Raman spectroscopy 
capability is also being added into the handheld device. 
This thesis is organized into six chapters. Chapter II provides background to various 
spectroscopic and statistical techniques used in this research along with a background about 
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bacteria. Chapter III is concerned with the design and construction of the handheld instrument. 
Chapter IV describes methods and materials used for Raman spectroscopy experiments and for 
testing the handheld instrument. Chapter V describes results and discussions and Chapter VI 
provides conclusion. 
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CHAPTER II 
BACKGROUND 
 
Healthcare Associated Infection (HAI) is among the top 10 causes of death in the United 
States [5]. It has been estimated that 5 to 10 % of hospitalized patients develop HAI. The 
majority of HAI is due to bacteria and for preventing these infections, rapid identification of live 
and dead (inactivated) bacteria is of extreme importance.  
Fluorescence techniques had been used earlier in order to identify and detect bacteria [2], 
[3], classifying yeast and bacterial cells [4] etc. It has also been shown earlier [1] that 
measurement of UV induced fluorescence of bacteria (which primarily is due to protein 
components tryptophan and tyrosine) can be used to determine live and dead bacteria ratio. 
This chapter provides a general background to Raman and Fluorescence spectroscopy 
which are used as major tools in this research. Also a brief background about Principal 
Component Analysis (PCA) and bacteria is provided. 
 
 Fluorescence and synchronous fluorescence spectroscopy 
 
When a molecule absorbs light it is excited to a higher energy state, then it relaxes to the 
ground state either by dissipating the absorbed energy as heat to the surrounding molecules or by 
emitting a photon of same or lower energy. This latter process is known as fluorescence. 
Bacteria absorb light around 270 nm, the absorbing components (primarily tryptophan 
and tyrosine) relax to lower energy states by emitting photons or by non-radiative phonon 
processes. tryptophan emits photons in the 340 nm region and tyrosine emits in the 310 nm 
region. The overall bacterial fluorescence is mostly due to tryptophan and tyrosine fluorescence. 
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Fluorescence of tryptophan and tyrosine components in bacteria can be obtained using 
synchronous fluorescence technique.  In the synchronous fluorescence technique, the excitation 
wavelength is continuously scanned with fluorescence emission being recorded at a fixed 
separation (in nm) from the excitation wavelength. This can give better resolved fluorescence 
bands of individual components because different fluorescent components in a sample have 
different energy separations between their absorption maxima and fluorescence emission 
maxima.  
Thus, by selecting different separation interval between excitation wavelength and 
emission wavelength, different fluorescent components of a sample can be resolved. For 
example, in fluorescence of bacteria excited at 270 nm, a broad band is observed with individual 
components remaining unresolved (Figure 1). However, by choosing a difference of 25-30 nm 
between excitation and emission wavelength, the fluorescence of tyrosine component can be 
resolved (Since tyrosine’s absorption maxima (280 nm) and emission maxima (310 nm) has a 
difference of 30 nm) and by keeping difference between excitation and emission wavelength at 
65 nm, fluorescence of tryptophan component of the bacteria can be resolved (because 
tryptophan’s absorption maxima (280 nm) and emission maxima (345 nm) has a difference of 65 
nm). Figure 1 show E.coli fluorescence including tryptophan and tyrosine fluorescence spectra 
resolved using synchronous fluorescence technique. 
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Figure 1. E.coli bacteria fluorescence spectrum with tryptophan and tyrosine components 
resolved through synchronous fluorescence technique (recorded using handheld instrument 
developed in this work) 
 
 Principal Component Analysis 
 
Principal Component Analysis (PCA) is a widely used statistical technique for the 
analysis of data sets consisting of a large number of variables. PCA extracts the most important 
features from the dataset and represent it along a new set of variables known as principal 
components [7]. This representation is known as score plot and can be used for classification of 
unknown datasets into a group of known sets.  
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Raman Spectroscopy 
Raman spectroscopy utilizes Raman Effect, which was discovered by the Indian physicist 
C.V. Raman. Raman was awarded with the 1930 Nobel Prize for his work. Raman Effect 
originates from the vibration energy levels of molecular bonds in a material and therefore Raman 
spectroscopy can be used as a powerful technique to explore underlying molecular bonds in a 
material. Recently, Raman spectroscopy is becoming very popular for qualitative and 
quantitative analysis of bio-molecules. 
Raman spectroscopy is based on inelastic scattering of light by molecules. Most of the 
light falling on a molecule is elastically scattered, i.e wavelength of the scattered radiation is 
same as the incident radiation. This is also known as Rayleigh scattering. However, a very small 
amount of incident light (roughly 1 in a million photons) undergo inelastic scattering due to 
exchange of energy between incident photon and vibrating molecular bonds, which means that 
the wavelength of the scattered radiation is different than the incident radiation. This in-
elastically scattered radiation can either be of higher or lower wavelength than the incident 
radiation. If the in-elastically scattered radiation has a longer wavelength (lower energy) than the 
incident radiation, it is called stokes scattering and if scattered radiation has a shorter wavelength 
(higher energy) than the incident radiation, then it is known as anti-stokes scattering. Quantum 
mechanical probability of anti-stokes wavelength shift is much smaller compared to probability 
of stokes shift and therefore most of inelastic scattering we observe is stokes shifted.   
The origin of Raman Effect lies in the changes in polarizability of a molecule when it 
interacts with an incoming electromagnetic radiation. This results in formation of new 
wavelengths of light due to nonlinear effects. A classical mathematical treatment is : 
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Atoms in a molecular bond vibrate resulting in oscillation of their charges. This charge 
oscillation can be represented as : 
                
Here, q is charge and f is the frequency of vibration of the charge. 
Let’s represent the electric field of the excitation laser as E, where 
              
Here,   is frequency of the incident electric field. 
This electric field will induce a dipole moment in the molecule, which is given by P, 
where 
     
Where   is a material property known as polarizability.   can be expanded in a Taylor 
series expression and can be written as 
      
  
  
     
Here,    is the polarizability of the molecule at the equilibrium position, 
Then, 
                 
  
  
                       
                
 
 
 
  
  
                                   
 
In above equation, the first term is Rayleigh scattering and the second and the third terms 
are anti-stokes and stokes Raman scattering terms, respectively. It can be noticed that the Raman 
scattering terms can exist only when the  
  
  
 term is non-zero. 
 8 
 
 
Although correctly predicting Raman Effect, this simple classical treatment fails to 
predict correct intensities of stokes and anti-stokes Raman lines. For that purpose, we need to do 
analysis of Raman scattering according to quantum mechanical theory. According to quantum 
mechanics, factor        gives the ratio of molecules in ground energy state and any particular 
higher energy state of energy   .  Since anti-stokes Raman lines can come only from molecules 
in higher energy states, therefore ratio of stokes and anti-stokes lines can be roughly represented 
by the following formula, 
  
       
            
         
Here, k is Boltzmann’s constant and T is temperature in Kelvin and    is quantum 
energy gap between ground energy state and higher vibration energy states. At room temperature 
under normal circumstances         , therefore compared to ground energy state, higher 
energy states will have relatively very few molecules. This will result in much weaker intensities 
of anti-stokes Raman lines compared to stokes lines.  
Figure 2 (A) shows quantum mechanical picture of Raman scattering. Figure 2 (B) shows 
a simplified block diagram of a Raman spectrometer and  2 (C) shows a typical Raman spectrum 
of E.coli bacteria after baseline removal. Prominent bands in the figure are marked. A detailed 
assignment of Raman bands to the corresponding bond vibrations and molecular origin are given 
in Appendix B.  
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Figure 2. (A) Quantum mechanical description of Raman effect; (B) Block diagram of a 
Raman spectrometer (C) Typical Raman spectrum of E.coli with bands marked (Phe : 
Phenylalanine, Tyr : tyrosine, Trp : tryptophan) 
 
 
Bacteria and ultraviolet light 
Bacteria are single cell microorganisms found ubiquitously in nature. Bacteria are one of 
the first forms of life evolved on earth and are present from deep below in earth’s crust to the 
boundaries of earth’s atmosphere and space [8],[9],[10]. Bacteria can survive in extreme harsh 
conditions. Also in human body, bacterial cells outnumber human body cells. A large number of 
bacterial species are benign and necessary to humans; however there are also bacteria which are 
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extremely dangerous to human health. Many of the wound infections are caused by bacteria. 
Waterborne bacteria are often a cause of many widespread diseases in developing and under-
developed areas of the world. 
Bacteria cells have a cell wall and cell membrane which act as an outer protective layer 
for the internal components such as DNA. Composition of an average E. coli cell is given in the 
Table 1 [11]. 
 
Component Dry Weight % 
Proteins 55 
RNA 20.5 
DNA 3.1 
Lipids 9.1 
Lipo-polysaccharide 3.4 
Peptidoglycan 2.5 
Glycogen 2.5 
Polyamines 0.4 
Metabolites, cofactors & ions 3.5 
 
Table 1. Composition of E.coli bacteria by dry weight ( adapted from [11] ) 
 
All of the major components of a bacterial cell (proteins, DNA, and RNA etc.) absorb 
light in the ultraviolet region of electromagnetic spectrum. Proteins have absorption intensity 
maxima at 280 nm and DNA/RNA have an absorption maxima around 260 nm. A bacterial cell 
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shows absorption maximum at around 270 nm. Figure 3 shows a typical absorption spectrum of 
E. coli cells in water. 
 
 
Figure 3. E.coli Absorption Spectrum 
 
As bacteria absorb ultraviolet light, they undergo chemical changes resulting in damage 
to absorbing components, tryptophan, tyrosine, DNA and RNA; leading to death (inactivation) of 
bacterial cell. It is well established that absorption of Ultraviolet light by DNA results in 
formation of several photoproducts, primarily of pyrimidine bases [12]. Of these photoproducts, 
Thymine cyclo-butane dimers are shown to be the most abundant, where two adjacent thymine 
bases connect with each other forming a Thymine dimer. Because of such damage to DNA, a 
bacterial cell is unable to replicate. This results in the inactivation of the bacteria. 
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CHAPTER III 
HANDHELD INSTRUMENT DESIGN AND CONSTRUCTION 
 
There is a critical need of fast, in-situ determination of live and dead bacteria in order to 
control diseases due to bacterial infections. It has been shown in earlier in [1] that tryptophan and 
tyrosine fluorescence can be used to determine live and dead bacteria. Based on this concept, a 
handheld instrument was designed and constructed which can record fluorescence of bacteria, 
coming from tryptophan and tyrosine. This device was designed in order to be used in the field 
for fast (minutes), in-situ determination of live and dead bacteria. In the future, Raman capability 
will also be incorporated in this device. This section describes the design and construction of this 
device. 
 
 Block diagram 
The handheld device consists of an excitation monochromator, an emission 
monochromator, a display and control unit, UV LEDs and a UV sensitive camera. A block 
diagram of this device is shown in Figure 4. 
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Figure 4 
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The emission monochromator which is integrated with a linear CCD detector acts as the 
fluorescence measurement unit. Excitation monochromator scans the excitation wavelength of 
the light required for normal and synchronous fluorescence measurements. Fused silica optical 
fibers capable of transmitting UV light are used for excitation, as well as collection of the sample 
fluorescence emitted. Fixed wavelength UV LEDs are used for bacterial inactivation as well as 
excitation of fluorescence (excited at a fixed wavelength). A UV and visible wavelength 
sensitive CCD camera is also integrated with this device in order to assist in proper pointing of 
optical fibers for spectra acquisition. Current Display and control unit is a compact laptop which 
is used for entering the commands, display and recording of the spectra from the emission 
spectrometer.  
 
Emission monochromator/spectrometer 
 The emission monochromator component is used to record the fluorescence emitted from 
bacteria. The currently used emission monochromator utilizes a Czerny-Turner configuration. 
Spectrometer optical bench was obtained from B&W-Tek and custom made optical components 
were used to assure sensitivity in UV region. The detector is Sony ILX511B, consisting of a 
linear array of 2048 pixels. The detector pixels were coated with (lumogen violet 570) which 
converts ultraviolet light into visible light, which improves the sensitivity in ultraviolet region of 
the spectrum, owing to the higher quantum efficiency of the detector in the visible wavelengths. 
The diffraction grating was obtained from the Newport Corp, was a ruled grating with 1200 
lines/mm and having more than 70 percent efficiency in the ultraviolet region. Figure 5 shows 
details of the emission monochromator/spectrometer. 
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Figure 5. Internal configuration of emission monochromator 
    
Excitation monochromator / excitation LEDs 
The excitation monochromator has an optical arrangement similar to that of emission 
monochromator, it consists of an input slit, a collimating mirror, a focusing mirror and a 
diffraction grating. The diffraction grating is mounted on a stepper motor (8HS11-0204S), 
rotation of this motor is controlled by an arduino micro-controller. The light from the focusing 
mirror is passed through an exit slit to deliver a monochromatic beam. A series of LEDs emitting 
in the wavelength range of 265 nm to 315 nm acts as light source for the excitation 
monochromator which is currently constructed. The experimental system has been tested for 
synchronous measurements using an external monochromator, the results are shown in chapter 
V. There are also two LEDs (275 nm and 340 nm) in this device which can be used for excitation 
of protein fluorescence and protein photoproducts fluorescence. These LEDs were obtained from 
Vishay Semiconductors (275 nm) and Marktech Optoelectronics (340 nm). The 275 nm LED can 
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serve dual functions, fluorescence measurements as well as bacteria inactivation. Figure 6 show 
internal arrangement of excitation monochromator. 
 
 
Figure 6. Excitation monochromator internal configuration 
 
Display and control unit 
The current display and control unit is a compact laptop computer which runs custom 
software based on MATLAB environment which consists of a Graphical User Interface (GUI) 
that allows for selection of the parameters for synchronous spectra display as well as for 
Principal Component Analysis of the recorded data.  
 
UV sensitive CCD camera 
In order to properly point the fluorescence excitation and emission probe or fiber, it is 
necessary to find out where in the wound bacteria are present. For this purpose a camera is 
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designed which is sensitive to ultraviolet light (340 nm -390 nm) region. This camera can detect 
the fluorescence from tryptophan when tryptophan is excited by UVC LED. By looking at the 
images, it could be determined where bacteria are present and where the collection fiber should 
be pointed.  
The imaging camera used for this purpose is a black & white CCD camera. This camera 
does not have UV cut filter which opens up its sensitivity to the near UV region. Also, this 
camera has a monochrome (black & white) sensor without the bayer filter mask (used in color 
cameras). Lack of Bayer filter mask give designed camera better sensitivity to near UV radiation. 
In front of camera, a UV pass and visible block filter is placed. Transmission characteristics of 
this filter are shown in Figure 7.  
 
 
Figure 7. Transmission characteristics of the UV pass filter used in CCD camera 
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CHAPTER IV 
MATERIAL AND METHODS 
 
Bacterial culture preparation 
Escherichia coli (E. coli) (strain K-12, GM1655) was obtained from the Bacteriological 
Epidemiology and Antimicrobial Resistance unit, USDA-ARS. Bacteria were cultured on 
Tryptic Soy Agar (TSA) plate at 37
o
C, then was subcultured to 10 ml of Luria Bertani (LB) 
growth medium and incubated overnight at 37
o
C in a water bath. Bacteria were harvested in 
stationary phase of growth by centrifugation at 3300 rpm for 5 minutes. The bacterial pellet was 
washed three times with 0.9%, w/v, saline solution to get rid of the growth media. Then the 
pellet was diluted in saline to a concentration of roughly ~ 10^8 cells/ml by measuring optical 
density of the solution at 600 nm (OD600 ~ 0.1, measured using Shimadzu UV160 
spectrophotometer). Bacillus Thuringiensis bacteria were grown from their spores for the 
experiments. 
 
UV irradiation of bacteria using mercury lamp 
A mercury lamp (Oriel model no. 66002) was used for UV irradiation. Output of mercury 
vapor lamp was passed through a filter which blocks the visible region of the spectrum and 
allows only the ultraviolet region of the spectrum (250 nm to 380 nm) to pass through it (Figure 
8). The resultant output spectrum of the mercury vapor lamp was measured by Jarrell Ash 
monochromator using a Hamamatsu PMT (Photomultiplier Tube model R928) as detector 
(Figure 9). 
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Figure 8. UV Pass Filter Transmission Spectra 
 
 
Figure 9. Resultant output spectrum of Mercury vapor lamp after passing through UV pass 
filter 
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A Molectron detector (PM3Q with EPM1000) was used to measure ultraviolet irradiation 
intensity. The UV intensity was adjusted to be roughly 2 mW/cm
2
 for bacterial irradiation. 
Bacterial solutions were irradiated using different doses. UV Dose is the product of UV light 
intensity and time and is calculated using the following parameters: 
Dose = Intensity x Time= millijoules/(sec)(cm2) x time= mJ/cm2 
Nine ml of bacterial solution was irradiated at period betweeen 10 and 20 minutes to 
obtain doses of 1200 mJ/cm2 and 2400 mJ/cm2. After irradiation, bacterial culture was 
concentrated by centrifugation at 3300 rpm (Fisher Scientific Centrific Model 228) for 5 
minutes, the supernatant was discarded and the bacterial pellets was re-suspended in 100 micro-
liters of saline. A 2.5 micro-liter of bacterial solution was put on an aluminum mirror or a single 
crystal silicon cuvette for Raman spectra acquisition. 
 
UV irradiation of bacteria using 280 nm UV LED 
Since mercury lamps require a bulky power supply, are environmentally hazardous and 
expensive compared to LEDs, therefore UVC LEDs can be a very attractive alternative to 
mercury lamps for bacterial inactivation. UVC LEDs are very compact, energy efficient and can 
be operated with tiny batteries which eliminate the need of a bulky power supply. Using these 
LEDs can also make UV bacterial inactivation easier to be carried out in-situ and in field using 
the handheld spectrometer instrument. 
UVC LEDs (Vishay Semiconductor VLMU60CL00-280-125) emitting light in ultraviolet 
region with maximum emission at 280 nm were used for UV irradiation of bacterial solution. 
This particular LED was chosen because it has three times more optical power output compared 
to other LEDs available at slightly lower wavelengths. This UVC LED has a FWHM (Full Width 
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at Half Maxima) band-width of 10 nm. The output light from this LED was collimated with two 
lens combination. The emission spectrum of this LED obtained from its datasheet was shown in 
Figure 9. 1.5 ml of bacterial solution (OD600 ~ 0.5) was irradiated with LED, the final intensity 
falling on the quartz cuvette containing bacterial solution was roughly set to 0.2 mW/cm2 
(measured using Hamamatsu S1336-8BQ UV detector) and the exposure times were 30, 60, 90, 
120, 150, 180 and 210 minutes. 
 
 
Figure 10. UVC LED emission spectrum 
 
Raman spectra acquisition 
Raman spectra from bacteria samples were recorded in wet and dry conditions using 
Horiba Xplora plus Raman microscope. In the wet condition, spectra were recorded immediately 
after the bacteria were put on the mirror / single crystal silicon cuvette well using 10X 
microscope objective. Excitation wavelength was 638 nm and laser power was 25 mW. 
Spectrum acquisition time was 100 seconds and was acquired repeatedly 9 times, and results 
were averaged.  
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In the dry condition, spectra were recorded immediately after the bacterial solution had 
dried on the aluminum mirror/ single crystal silicon cuvette. In this condition, it was possible to 
use 100X microscope objective and the obtained spectra were much better resolved. Excitation 
laser wavelength was 638 nm and power was 25mW. In order to obtain representative spectra of 
bacterial cells in dry condition, spectra acquisition was done at six different points on the sample. 
For every point, the spectrum acquisition time was 100 seconds and 3 spectra were accumulated, 
and results were averaged.  
Bacterial cells were examined under the microscope to observe any damage due to 
Raman laser, no such damage was observed. The temperature at the laser focus point was 
measured with two different thermocouple temperature sensors by focusing directly the Raman 
excitation beam on the temperature sensor, the maximum temperature increase observed was 
from 23 degree Celsius (ambient room temperature) to 35 degree Celsius.    
 
Bacteria Plating for CFU Counting 
Bacteria CFU (Colony Forming Units) counting was done by taking 100 micro-liters of 
the bacteria solution, serially diluting it and then plating it on agar plates. Plated agar plates were 
kept in an incubator for 24 hours for bacteria growth and colonies were counted afterwards to 
estimate CFU counts. CFU counting was performed before UV irradiation and after different 
doses of UV irradiation.  
 
Principal Component Analysis 
Principal Component Analysis (PCA) was performed on set of Raman data acquired for 
E.coli subjected to different UV doses using MATLAB software package. Six spectra were 
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acquired from each sample subjected to different UV doses. Baseline was removed using a 
standard procedure described in Appendix I and spectra were normalized with respect to lipid 
peak at 1450 cm-1, then were subjected to PCA analysis.  
 
Determination of Thymine dimers in Raman spectra 
Thymine dimers were made from Thymine as per procedure described in [17]. Thymine 
solution was irradiated with UV LED in frozen condition and formation of Thymine dimers was 
monitored by observing the complete disappearance of the 260 nm band in absorption spectrum 
of the irradiated solution. Raman spectra of Thymine and Thymine dimers were recorded with 
the same setup as described earlier in this chapter. The excitation laser wavelength was 638 nm 
and power was 25mW. Spectra were taken at six different points of dried Thymine and Thymine 
dimers in order to obtain a representative spectrum. 10X microscope objective was used, 
spectrum acquisition time was 100 seconds and was acquired repeatedly 3 times, and results 
were averaged.  
 
Protein solution preparation 
In order to study UV irradiation effect on proteins, ovalbumin protein solution was 
prepared to a final concentration of 0.4 mg/ml in distilled water. Ovalbumin protein used in 
experiments was provided by Dr. Maria King. Protein solution was irradiated with mercury 
vapor lamp as per the arrangement described earlier in this chapter.  3 ml of protein solution was 
put in a quartz cuvette and irradiated with the mercury vapor lamp. After irradiation a 2.5 micro-
liter protein solution was put on an aluminum mirror for Raman spectra acquisition. Raman 
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spectra acquisition of protein samples was carried out with the same setup and parameters as 
described earlier in this chapter for dry condition.  
 
Fluorescence spectra acquisition 
In addition to using our handheld instrument, fluorescence and synchronous fluorescence 
spectra were also recorded using Shimadzu RF-5301PC spectrofluorophotometer for bacteria and 
protein samples. Fluorescence and synchronous fluorescence measurements were recorded using 
three ml of bacteria/protein solution placed in a quartz cuvette of 1cm path length.  
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CHAPTER V 
RESULTS AND DISCUSSION 
 
Handheld spectrometer recorded data 
E.coli bacterial cells were prepared by the procedure described in chapter IV. The 
bacterial solution concentration used in the experiments was approximately 4 X 10^8 cells /ml 
(OD 600 ~ 0.5). This solution was irradiated with mercury lamp with UV pass filter as per the 
procedure described in chapter IV. For fluorescence excitation, UVC LED (280 nm) from 
Vishay semiconductors (VLMU60CL-280-125) was used. Emission spectra were collected and 
were then subjected to Principal Component Analysis (PCA). Results are shown in Figure 11 and 
12. 
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Figure 11. Emission spectrum from E.coli with UV irradiation time (7 mW/cm2 with 
mercury vapor lamp). For fluorescence spectra recording, samples were excited with 280 
nm LED. 
0 
100 
200 
300 
400 
500 
600 
700 
800 
280 330 380 430 480 
Em
is
si
o
n
 in
te
n
si
ty
 
Wavelength (nm) 
EX@280nm, 0min 
EX@280nm, 5min 
EX@280nm, 30min 
 27 
 
 
 
Figure 12. PCA Score plot for emission spectrum from E.coli with UV irradiation time (7 
mW/cm2 with mercury vapor lamp). For fluorescence spectra recording, samples were 
excited with 280 nm LED 
 
Figure 13 shows the three dimensional view of Excitation-Emission Matrix (EEM) of 
E.coli bacteria (concentration ~ 10 ^8 cells/ml), as recorded from the handheld instrument and 
custom MATLAB software. For scanning the excitation wavelengths, an external 
monochromator was paired with the current instrument. Recording and plotting of this entire 
three dimensional EEM took no more than 5 minutes. 
After recording three dimensional EEMs for every UV radiation time, synchronous 
fluorescence spectra for          and          which corresponds to tryptophan and 
tyrosine, respectively were computed in software and compared (Figure 14). Computation of 
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these synchronous fluorescence spectra from 3D EEM takes just a few seconds.  Figure 15 shows 
a picture of the handheld device. 
 
Figure 13. 3D visualization of EEM for E.coli (concentration ~ 10^8 cells /ml).  Inset: 2D 
projection of EEM  
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Figure 14. Emission and synchronous spectra of E.coli bacteria recorded with developed 
handheld device. tyrosine and tryptophan components were obtained with synchronous 
fluorescence recording with delta lambda of 25 nm and 65 nm respectively 
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Figure 15. Handheld device 
 
Effect of UV irradiation on bacterial cells studied through Raman spectroscopy  
The Raman spectrometer was used to study the effect of UV radiation on bacteria before 
and after UV radiation. The spectra of bacteria in wet condition are presented in Figure 16. After 
UV irradiation for 10 minutes, a higher band around 1400 cm-1 was detected. This band 
increased after longer UV irradiation for 20 minutes. 
Spectra of bacteria recorded in dry condition are shown in Figure 17. Better resolved 
bands were detected from bacteria in dry condition than bacteria in wet condition. The baseline 
was removed using a standard procedure described in Appendix A and the spectra were 
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normalized with respect to the lipid peak at 1450 cm-1 (Figure 18). In these spectra, a rising 
band around 1410 cm-1 was detected after the bacteria were exposed to UV irradiation for 10 
minutes. This band was increased as duration of UV exposure was increased. It is presumed that 
the 1400 cm-1 band in wet condition and the 1410cm-1 band in dry condition are the same UV 
induced photoproducts. The observed red shift of 10cm-1 and broadening of the 1410 cm-1 band 
might be due to change in local environment around the bacteria molecules in wet and dry 
conditions. 
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Figure 16. Raman spectra of E.coli in wet condition before and after UV radiation at 10 
and 20 minutes 
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Figure 17. Raman spectra of E.coli in dry condition before and after UV radiation at 10 
and 20 minutes 
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Figure 18. Raman spectra of E.coli in dry condition before and after UV radiation at 10 
and 20 minutes after baseline removal and normalization. 
 
The intensity of 1410 cm-1 band is plotted against the UV irradiation time used for 
bacterial inactivation in Figure 19. It was seen that this band increase linearly with increasing 
UV dose. Figure 20 showed that when intensity of 1410 cm-1 band was increased, the CFU 
count of bacteria solution was decreased exponentially in the same proportion. The more bacteria 
killed by UV radiation, the more photoproducts were detected. 
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Figure 19. Change in intensity of 1410 region versus UV irradiation time 
 
 
Figure 20. Change in intensity of 1410 cm-1 band versus CFU counts 
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These results revealed that Raman spectral features can be used to determine live and 
dead bacteria fraction. Increase in intensity of the 1410 cm-1 band can be used to estimate the 
amount of live bacteria in a given sample after UV irradiation.  
 
Principal Component Analysis of Raman spectra data 
PCA score plots and principal components obtained after analysis are presented in the 
Figures 21 and 22, respectively. The corresponding Colony Forming Units (CFU) of bacteria are 
indicated in the Figure 21.  
 
Figure 21. PCA score plots for Raman spectra of E.coli after UV irradiation. 
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Figure 22. Principal Component 1 plot, obtained from PCA analysis 
 
 Figure 21 shows that after UV irradiation, the spectra are shifted to the right along the 
principal component 1 axis. From the PCA analysis of Principal component 1 (Figure 22), it is 
clearly seen that there are changes in several bands corresponding to DNA, proteins and a 1410 
cm-1 band of the photoproducts. Adenine and Guanine at 1570 cm-1, Thymine and tryptophan 
around 1350 cm-1, DNA backbone around 1100 cm-1, and a rising band around 1710 cm-1 
corresponding to Thymine dimers.   
It has been reported that UV radiation cause thymine dimer [12]. Thymine and thymine 
dimer were prepared and then analyzed using Ramam spectroscopy (Figure 23). These results 
show that the Raman spectra of thymine show intense peaks at 1350 cm-1 and 1670 cm-1 
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whereas thymine dimer shows major peak at 1710 cm-1, but not at 1350 cm-1 or 1670 cm-1. 
These changes were observed in principal component 1, where a sharp decrease at the 1350 cm-1 
of thymine band and an increase at the 1710 cm-1 of thymine dimer band were observed (see 
Figure 23). 
 
 
Figure 23. Raman spectrum of Thymine and Thymine dimers. 
 
Results obtained after 280 nm UV LED irradiation  
With UV LED irradiation (280 nm, 0.2 mW/cm2), changes in Raman spectra of E.coli 
similar to those obtained with mercury lamp irradiation (lines in 250-380 nm band, 2mW/cm2) 
for comparable UV doses were observed. Figure 24 shows the changes in the Raman spectra of 
E.coli bacteria after irradiation with 280 nm LED at different intervals of time. After UV 
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irradiation, a rising band around 1410 cm-1 was detected. This band increased continuously with 
increase in UV irradiation time. 
 
Figure 24. Changes in Raman spectra of E.coli bacteria after irradiation with 280 nm LED 
(0.2 mW/cm2). Spectra were baseline removed and normalized to lipid peak. Spectra are 
vertically shifted for clarity. 
 
The intensity of 1410 cm-1 band is plotted against the UV LED irradiation time (280 nm, 
0.2 mW/cm2) in Figure 25. Similar to the observation after irradiation with mercury lamp, it was 
observed that this 1410 cm-1 band increased linearly with irradiation time. 
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Figure 25. Trend of increase in 1410 cm-1 region intensity with time 
 
Effects of ultraviolet radiation on proteins studied through Raman spectroscopy 
In order to verify if the 1410 cm
-1
photoproducts are proteins photoproducts, egg 
ovalbumin (pure protein) solution was irradiated with ultraviolet radiation and its Raman 
spectrum was compared to non-irradiated ovalbumin protein. A band around 1410 cm-1 was 
detected in pure ovalbumin protein Raman spectrum after UV irradiation (Figure 26). 
Therefore, this is concluded that rise of 1410 cm
-1
 band is a major contributor from 
protein photoproducts. This is not surprising as 55% weight of bacteria is proteins.  
It has been shown earlier [1] that bacterial fluorescence from tryptophan and tyrosine can 
be used to determine live and dead bacteria. When bacteria are exposed to UV light, tryptophan 
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and tyrosine undergo denaturization resulting in reduction in bacteria fluorescence and there was 
a quantitative relationship between cell death and decrease in bacteria fluorescence from 
tryptophan and tyrosine. 
It is known that ultraviolet (UV) light kills cells by damaging their DNA. UV light 
initiates a reaction between two molecules of thymine to form the thymine dimer resulting in 
DNA damage which results in inability of bacteria to replicate [18]. There is less emphasis on 
the interaction of ultraviolet radiation with protein of the bacterial cell. Recently, when oxidative 
protein damage (carbonylation) induced by Ultraviolet radiation has been used as a tool to asses 
bacteria and other prokaryotic cells death [19],[20],[21], it was shown that protein damage 
caused the loss of maintenance functions of bacterial cells, including DNA repair [19]. It was 
also proposed that protein damage, not genomic (DNA) damage, correlates with eukaryotic and 
prokaryotic cell death after irradiation with UVC radiation [19]. 
Our experiments have shown that the effects of ultraviolet light on proteins, which 
constitute 55% of bacteria’s weight, are significant. Protein photoproducts can be used to 
determine live and dead bacteria after UV radiation.  
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Figure 26. Changes in Raman spectra of pure protein (egg ovalbumin) with UV irradiation. 
Spectra are vertically shifted for clarity.  
 
Identification of different bacteria with Raman spectroscopy 
Raman spectroscopy is a powerful tool not only for determining live and dead bacteria 
but also for the identification of bacterial strains. Raman spectra and PCA score plot of E.coli, 
Bacillus and the mixture of both bacteria is shown in Figure 27. These spectra were baseline 
removed as per procedure described in Appendix A and were normalized to lipid peak at 1450 
cm-1, then subjected to PCA analysis. Principal components obtained from PCA analysis are 
shown in Figure 28.  
900 1100 1300 1500 1700 1900 
Raman Shift (cm-1) 
Protein (Ovalbumin, 0.4 mg/ml) Photoproducts 
after UV irradiation (5 – 7 mW/cm2, 180 min) 
BeforeUV 180min 
Irradiated 
Non-Irradiated 
 43 
 
 
  
Figure 27. (A) Average Raman spectra of E.coli bacteria, Bacillus bacteria & their mixture 
(spectra are vertically shifted for clarity) and (B) PCA Score plot showing clustering and 
separation of these bacterial strains 
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Figure 28. (A) Principal components 1 and (B) Principal component 2 obtained from PCA 
analysis for bacterial strain identification 
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Effects of ultraviolet radiation on bacteria and protein studied through fluorescence and 
synchronous fluorescence spectroscopy 
In order to further study the effects of UV radiation on bacteria and protein, E.coli 
bacteria and ovalbumin protein were studied through fluorescence and synchronous fluorescence 
spectroscopy. It was observed in bacteria fluorescence, the rise of a broad band around 450 nm 
region with increasing UV Dose (Figure 29, inset). This increase was more clearly observed in 
synchronous fluorescence spectra taken with          (Figure 30 A, inset). It is known that 
tryptophan photoproducts such as N-formylkynurenine and Kynurenine, tyrosine photoproduct 
such as dityrosine fluoresces around 450 nm [23][24] and similar increase was observed in UV 
irradiated ovalbumin protein (Figure 30 B, inset). Therefore, it can be estimated that this broad 
450 nm band has a major contribution from tryptophan, tyrosine and other protein 
photoproducts. 
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Figure 29. Change in E.coli fluorescence (excitation at 270 nm) with UV Irradiation 
(6mW/cm2) for different times 
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Figure 30. Increase in fluorescence band in the blue region with UV irradiation (6 mW/cm2 
) for (A) E.coli Bacteria (OD600 ~ 0.1), inset and (B) Ovalbumin protein (0.4 mg/ml), inset. 
Spectra shown are synchronous fluorescence spectra with          
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These protein photoproducts, such as N-formylkynurenine and Kynurenine are shown to 
be absorbing the light of wavelengths around 350 nm [26]. Since, protein photoproducts absorb 
around 350 nm (and fluoresce around the 450 nm region) and proteins absorb at 280 nm (and 
fluoresce around the 340 nm), this characteristic of protein and their photoproducts can be used 
to determine quantitatively protein damage in a bacteria which can then be correlated with the 
live and dead bacteria in a sample after treatment with UVC radiation. As proteins degrade with 
UVC radiation, their fluorescence at 340 nm decreases whereas the protein photoproducts 
fluorescence at 450 nm will increase. Fluorescence excited at 270 nm and 350 nm of E.coli 
bacteria were recorded and plotted as a function of irradiation time (Figure 31 A and 31 B). 
Figure 31 C shows how the ratio of protein fluorescence to protein photoproducts fluorescence 
decreases with UV irradiation time. The ratio was found to be decreasing exponentially with UV 
irradiation.   
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Figure 31. (A) Intensity of E.coli fluorescence band (excited at 270 nm) as a function of UV 
irradiation time. (B) Intensity of E.coli photoproduct fluorescence band (excited at 350 nm) 
as a function of UV irradiation time. (C) Ratio of intensities of E.coli fluorescence band and 
E.coli photoproduct. 
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CHAPTER VI 
CONCLUSION 
 
In this work a novel handheld device was successfully designed and constructed which 
can be used to determine live and dead bacteria in-situ, within minutes.  Additionally, it was 
shown that Raman spectroscopy can be used to determine live and dead bacteria after 
inactivation with ultraviolet light from a mercury lamp or from a 280 nm UV LED. Change in 
DNA and formation of protein photoproducts after UV inactivation of bacteria was verified with 
Raman spectroscopy. Raman spectroscopy was also used to identify different bacteria strains. 
tryptophan and tyrosine photoproducts were detected after UV inactivation of bacteria using 
fluorescence and synchronous fluorescence spectroscopy. It was also shown that ratio of 
tryptophan & tyrosine to their photoproducts can be calculated using two LED excitation method 
at 270 nm and 350 nm and this ratio decreases continuously with UV irradiation of the bacteria 
samples which can also be utilized to calculate live and dead bacteria in a sample.    
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APPENDIX A 
Baseline removal procedure 
Baseline was removed using LabSpec6 software provided with HORIBA Xplora Raman system. 
20 point linear fit was used to fit baseline. Points 1, 2, 3 and 4 are always on the baseline 
touching the spectra. Points 1, 2, 3 and 4 were connected using straight line to form the baseline. 
Spectrum beyond point 4 was taken as baseline. 
 
Figure 32. Standard baseline fit used for bacterial Raman spectra 
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APPENDIX B 
 
Table 2. Raman Band Assignments 
 
Raman Band (cm-1) Assignment Reference 
1746 C=O of esters [30] 
1665 protein [30] 
 Amide I vibrations of polypeptide backbone [31] 
 C=O stretch [32] 
1608 Tyrosine (1612) [32] 
 Tryptophan (1604) [32] 
1581/1576 DNA [30] 
 G, A [32] 
 C=C, deformation of N-H, Stretching of C-N bond [33] 
 Nucleic Acid [34] 
1451 CH2 modes [32] 
 CH2, CH3 deformation vibrations [30] 
 Lipids [34] 
1334/1307 Amide III [33] 
 Tryptophan, Cα-H deformations [31] 
1232-1243 Proteins [34] 
 Amide III [32] 
1030 Phenylalanine [31] 
1172,1156,1123,1096,1030 Lipids, DNA & RNA Backbone [32] 
 Carbohydrates [34] 
1096 Phosphate mode in DNA [35] 
 -C-C-, C-O, deformation of C-O-H [33] 
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Table 2 continued…. 
Raman Band (cm-1) Assignment Reference 
999.66 Protein [35] 
 Phenylalanine [34] 
 Phenylalanine in proteins [30] 
850 Tyrosine in proteins [32],[31], 
[35] 
830 Tyrosine in proteins [32],[31], 
[35] 
815 Nucleic Acid in RNA C-O-P-OC in RNA 
backbone 
[35] 
780 DNA [35] 
 C,T, DNA backbone [32] 
747 Tryptophan ring vibrations [30] 
721 Adenine [32] 
667 Guanine [32] 
642 Tyrosine [32] 
 
 
